Abstract: The objective of this work is to demonstrate the potential time and labor savings that may result from increased use of combination vaccinations.
The prospect of up to 7 vaccines at each visit, if combination vaccines are not used for infants, can be stressful for infants, parents, and providers. [2] [3] [4] Combination vaccines combine several antigens against different diseases into a single injection or can incorporate several strains of agents causing one disease. Therefore, combination vaccines can reduce the number of injections. Combination vaccines have been in use for many years in the United States. There is a recognized unmet need for more combination vaccines to help alleviate the practical constraints of multiple injections, particularly for children who are behind schedule, and overcome the limited space in the office fridge of a physician. In a joint policy statement issued in 1999, the Advisory Committee on Immunization Practices (ACIP), the American Academy of Pediatrics (AAP), and the American Academy of Family Physicians (AAFP) stated a preference for the use of combination vaccines to reduce the number of injections at a single outpatient visit. 5 This study aimed to demonstrate the potential time and labor savings that may result from the increased use of combination vaccinations and formulations that require less preparation. Specifically, this study quantified the impact of moving from the least to the most efficient vaccination program, as defined by the time and labor costs associated with the number of vaccine injections. The study also examined the potential of hypothetical multivalent combinations. The study does not review the difference in acquisition prices between different presentations of vaccines or combinations to avoid obscurities of analysis. Figure 2 , http://links. lww.com/MD/A127). [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The details of the estimates and assumptions used in the model can be referred to in the Supplementary Data, http:// links.lww.com/MD/A127. All of the estimates used in the model for vaccination-related activities are shown in Table 1 .
MATERIALS AND METHODS

Time Required per Vaccination
Model Overview
The model was developed to evaluate the efficiency of physician practices in their vaccination programs for children aged 0 to 6 years (GSK study identifier: HO-12-4735). Efficiency was measured in terms of time devoted to vaccinations and the associated labor costs. Activity-based costing was selected as the modeling technique because it captures the impact of dose form (eg, lyophilized, single vial, etc) and monovalent versus multivalent vaccinations on each aspect of the program. The efficacy of monovalent and multivalent vaccinations were assumed the same as no clinical information was considered; therefore, efficacy and safety cannot be derived regarding any product or presentation on the basis of this model. However, the impact of single antigen versus combination vaccination immunogenicity on cost-effectiveness (which was beyond the scope of this analysis) is an area that warrants further research.
The model computed the following measures of efficiency: total number of vaccinations, total time spent on vaccinations, total labor and supply costs (only ancillary items, refer to Supplementary Data, http://links.lww.com/MD/A127) for vaccinations, average time per vaccination, and average labor and supply cost per vaccination. Vaccine acquisition costs and vaccination administration fees (physician reimbursement) were not included, as the authors sought to investigate the impact of combination use and vaccine presentation type free of these 2 elements.
The model calculated vaccine utilization for 2012 and required 3 data inputs: population numbers and age distribution, vaccination schedule, and time per vaccine by dose form.
For physician practices and the patient population information, refer to the Supplementary Data, http://links.lww.com/ MD/A127, Supplementary Tables 2 and 3, http://links.lww.-com/MD/A127.
Schedule of Vaccines Used by Providers
The model assumed that the vaccination schedule conforms to the recommended immunization schedule for persons aged 0 to 6 years, approved by the ACIP, AAP, and AAFP. 1 
Costs
The literature was reviewed in order to derive cost data on consumables used in vaccine administration. Three publications in Supplementary 10 was used, as it provided the most recent information, and it was a US-based study. Disposable cost estimates were inflated to 2012 international dollars using the consumer price index. 17 Hourly labor costs were taken to be $81.08 for pediatricians and $33.23 for nurses.
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Scenario Analysis Overview
The activity-based costing model was used to examine vaccination program efficiency with currently available products and the potential impact of hypothetical higher combination multivalent vaccinations in future. The efficiency of current vaccination programs was examined by determining the impact of moving from the least to the most efficient vaccination program. When calculating efficiency, the following limitations apply: no assumptions on vaccination efficacy or safety were made and vaccination catch-up requirements were not considered; vaccination programs are limited to children aged 0 to 6 years; analysis assumes that physicians adhere to vaccination recommendations and that there is sufficient vaccine supply; reimbursement implications of combination vaccinations are not included.
Least Efficient Vaccination Program
The following principles were used to define the least efficient vaccination program (the greatest total time spent on vaccination-related activities): maximum total number of vaccinations (distinct injections/applications); monovalent vaccinations were selected over multivalent vaccinations, and maximum time per vaccination (preference by form using the following order: lyophilized, multivial, single vial, prefilled syringe). The schedule for the least efficient vaccination program is provided in Supplementary Figure 3 , http://links.lww.-com/MD/A127.
Most Efficient Vaccination Program
The following guiding principles were used to define the most efficient program (least total time spent on vaccinationrelated activities): minimum total number of vaccinations (multivalent vaccinations were selected over monovalent vaccines; preference was given for higher versus lower valent combination vaccinations) and minimum time per vaccination Iterative testing using the activities-based costing model was performed to determine the most efficient program, which is provided in Supplementary Figure 4, TM -based schedules, although the number of injections/applications are the same, the difference in formulation (prefilled syringes versus lyophilized) resulted in additional efficiencies for a Pediarix TM -related program due to timesaving (5.8 min/ child; $183,000 hours overall) and reduced labor costs ($3.22 per child; US $6.1 million overall). Therefore, Pediarix TM was used in the most efficient schedule calculations and as the basis for the hypothetical 6-and 7-valent analyses.
Additional Analyses
A sensitivity analysis was performed in which preparation time was made equivalent at 0.70 minutes for prefilled syringe, single dose vial, and multidose vial, whereas lyophilized remain unchanged; administration and charting times were made equivalent at 0.39 and 0.34 minutes respectively for all formulations. In addition, the impact of a hypothetical increase in the number of diseases is covered by a single combination vaccine, using the most efficient vaccination program utilizing the most efficient 5-valent vaccine as the core and adding additional antigens to this 5-valent vaccine, thereby, reducing the number of injections administered. In the first scenario, a hypothetical 6-valent vaccination was selected, by adding pneumococcal conjugate vaccine (PCV) to DTaP-Hepatitis B-IPV (Pediarix TM ). PCV was selected for inclusion in the 6-valent scenario because it resulted in fewer total vaccinations (individual discrete injections) than other vaccination types. A 6-valent vaccine with PCV could potentially yield greater timesavings than one with Hib (10% versus 7% timesavings); therefore, it was selected as the sixth antigen. The second scenario created a 7-valent vaccination that added PCV and Hib to DTaP-Hepatitis B-IPV (Pediarix   TM   ) . These vaccination programs can be found in Supplementary  Figures 5 and 6 , http://links.lww.com/MD/A127.
RESULTS
Currently Available Formulations
For children aged 0 to 6 years, the most efficient vaccine program was predicted to reduce costs through a combination of fewer vaccinations (individual discrete injections/applications), less time per vaccination, and lower labor and supply costs. Most of the timesaving was attributed to fewer injections (62%), which was attributed to the use of combination vaccines, with the other 38% attributed to less time spent per vaccination visit was interrelated to the use of prefilled formulations. Annually, this is estimated to result in a 29% reduction in the number of individual vaccinations required (potential savings ¼ 18,291,654); a 47% reduction in vaccination time (>1 million hours of pediatrician/nurse time saved); and a 42% reduction in labor and supply costs (totaling nearly US $45 million saved) ( Table 2) . Figure 1 shows a per-vaccination activity-based view of the 2 programs. The majority of the time saved per vaccination was the result of less time spent in preparation activities; for example, a prefilled syringe requires less preparation time than a lyophilized or multivial vaccination. Total time saved per vaccination was 0.56 minutes. This results in per-child savings of 16.5 minutes and $11.35, respectively over the duration of the first 6 years of the pediatric vaccination schedule.
Efficiency gains were reduced in the sensitivity analysis [the same preparation time for prefilled syringe, single dose, and multidose vial; the same charting and administration times across all formulations] with a 35% reduction in vaccination time (818,000 hours of pediatrician/nurse-time saved); and a 34% reduction in labor and supply costs (totaling nearly US $36 million saved). Table 3 shows potential additional annual timesavings of 125,445 hours (11%) with a hypothetical 6-valent and 209,075 hours (18%) with a hypothetical 7-valent vaccination, compared with the most efficient current schedule. Using 6-or 7-valent vaccines is predicted to result in annual labor and supply cost savings of US $6 million (10%) or US $10 million (17%), respectively. Figure 1 shows a per-vaccination activity-based view of the 2 hypothetical vaccination programs. An alternative 6-valent formulation was also considered, using Hib instead of PCV, but this was less favorable, resulting in an additional 41,815 hours and US $1,389,512 over the hypothetical 6-valent PCV containing formulation. TM is provided as a prefilled syringe, whereas Pentacel TM is a lyophilized formulation. The inclusion of either of these 5-valent vaccines leads to the fewest number of vaccine applications and requires the same number of vaccination injections. However, further timesaving can be realized by including vaccinations that are quicker and easier to administer, such as prefilled syringes. It is for this reason that the time and labor costs saved, when the program utilized Pediarix TM rather than Pentacel TM , amounted to between $4.3 and $6.1 million.
Hypothetical Formulations
Therefore, a vaccination program that includes Pediarix TM is the most efficient schedule.
Further analysis demonstrated the potential for additional timesavings by the use of higher combination multivalent vaccinations. Specifically, combinations of Pediarix TM with PCV and/or Hib, both of which require frequent injections, offer the potential for additional timesavings.
In addition to the labor and cost savings, combination vaccines have many potential benefits, which in some way together with their reduced impact on parents and children might assist in justifying that their acquisition costs are generally higher than the sum of acquisition cost of single presentation. Fewer injections are obviously more beneficial, reducing discomfort and anxiety. 2, 4, 19 Not surprisingly, combination vaccines are generally preferred by parents, as fewer injections are required. 4, [20] [21] [22] [23] [24] They can also result in fewer physician visits, saving time and money. 3, 4 Combination vaccines can also improve the efficiency of physician practices by reducing the need to stock and administer separate vaccines, the number of visits required, health care provider workload, and simplifying of record keeping. 2, 3, 25 Furthermore, the use of combination vaccines should improve vaccine uptake, compliance, and timeliness. 2, [25] [26] [27] This has the potential to reduce the incidence of vaccine-preventable disease, thus, saving morbidity, mortality, and treatment costs. Despite concerns that the immune system may be overloaded with combination vaccines, 28 Similarly, concerns about more serious adverse events resulting from the use of combination vaccines appear to be overestimated. 2 However, there are various barriers to the use of combination vaccines. Firstly, they tend to be more expensive than the sum of their constituent parts. 27 Secondly, as health care providers receive administration fees per injection given, the use of combination vaccines can potentially reduce their income. 2, 25, 27, 29 However, the time saved in giving vaccinations can usefully be used for other activities. Thirdly, using combination vaccines can result in additional doses being given. 25 For example, if Pediarix TM is given at 2, 4, and 6 months, it results in an additional hepatitis B dose at 4 months. However, this has been found not to be detrimental, 30 although data are limited, and approved by the Centers for Disease Control and Prevention. 1 Lastly, whereas combination vaccines have been suggested to reduce the need to stock separate vaccines, 3,25 if they do not completely replace single vaccines, this would result in more products having to be stocked. 19 As with any study, this current analysis has various limitations. The focus of this study was on the efficiency of a provider's practice at administering vaccinations, so other factors that may impact the actual administration were not considered, for example, the efficacy and safety of the vaccinations, and for simplification purposes, these were assumed to be the same for single antigen vaccines and combination vaccines. The impact of single antigen versus combination vaccination on cost-effectiveness (which was beyond the scope of this analysis) is also an area that warrants further research. Also, estimates used were limited to current literature, which might not accurately reflect practice due to electronic medical records and barcodes, or costs of biohazard waste removal. The reimbursement implications of combination vaccinations are not included in the model; nor did it consider the differences in vaccination location, that is, vaccination clinic versus physician's office. Moreover, the costs considered were limited to the administration costs only and did not include the costs of the different vaccines, so this study does not assess the impact on overall health care costs.
In conclusion, combination vaccinations can reduce the time burden of the childhood immunization schedule and create the potential to improve vaccination uptake and compliance as a result of fewer required injections for children. For physician practices, combination vaccines can improve office efficiency. These results highlight an opportunity for physicians to improve their practice efficiency related to vaccination through the incorporation of combination vaccinations and dosage forms that require fewer administration steps.
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